The Salmonella reversion based Ames test is the most widely used method for mutagenicity testing. For rapid toxicity assessment of e.g. water samples and for effectdirected analysis, however, the Ames test suffers from lack of throughput and is regarded as a laborious, time consuming method. To achieve faster analysis, with 
Introduction
Mutagenicity is one of the classical toxicological endpoints in water quality control of the drinking water production process. Polycyclic aromatic hydrocarbons 1 , aromatic amines 2 and nitro compounds 1 , amongst others, which are released into the environment through industrial and urban effluents, or as combustion products, are known to act as mutagens. Contaminated surface water or groundwater, when used as source for drinking water production, could introduce such mutagens into the drinking water production process. In addition, drinking water treatment by medium pressure UV/peroxide oxidation and ozonation could lead to mutagens through the formation of radicals 3 and transformation products 4 . These compounds are, however, no longer present after subsequent treatment of the water with granulated activated carbon 5 . The ability to rapidly determine the presence and identity of mutagens in drinking, surface, ground and effluent water is essential in efforts to keep track of their release into the environment and to assure their removal during the drinking water purification process.
The Salmonella/microsome test (Ames test) is a widely used bioassay to determine mutagenic potential of compounds in toxicological risk assessment and the most commonly used method of genotoxic assessment in environmental monitoring. The original plate incorporation test, developed in 1973 by Bruce Ames 6 , uses Salmonella typhimurium strains made histidine-dependent through single point mutations in key histidine synthesis pathway genes. Grown on minimal agar medium with trace amounts of histidine, sufficient for a limited number of cell divisions, the cells are exposed to a sample in the presence or absence of Aroclor 1254 induced male Sprague Dawley rat liver S9 fraction for metabolic activation of indirect mutagens. The single point mutations can be reverted to their wild-type genotype during DNA replication, when the DNA becomes susceptible to chemically induced mutations. After a 20 minute exposure and a 48-72 hours incubation period 7 , the mutagenic potential of a sample is quantified as the number of revertant bacteria colonies that, in contrast to non-revertant bacteria can grow on the histidine-free medium.
A modified version of the plate incorporation test, called the Ames fluctuation test or
Ames II was developed by Bridges in 1980 8 . Bacteria are exposed in liquid medium in 24-wells plates for 100 minutes, after which revertant bacteria are allowed to grow in liquid medium with pH indicator in 384-wells plates. Respiration of the revertant bacteria acidifies the medium and causes a shift in pH indicator color after which the number of revertant wells can be quantified. Compared to the original plate incorporation test performed in Petri dishes, the colorimetric measurement using a plate reader greatly increased read-out speed and drastically reduced material consumption. After its development, the fluctuation test has been thoroughly validated, using the TA98 and TA100 Salmonella tester strains which can detect frame-shift and base-pair substitution mutations, respectively, and has been accepted as regulatory standard in the analysis of water samples 9 .
The fluctuation test has also been used in Effect-directed analysis (EDA) studies in addition to target analysis commonly performed in routine water monitoring 10, 11 . Target analysis is limited to a select number of well characterized compounds and overlooks mutagenic potential caused by unknown (novel or emerging) genotoxic compounds.
Via a non-target EDA approach, these compounds can be detected and identified.
After chromatographic separation and parallel analysis on a mass spectrometer, collected fractions are tested for their biological (genotoxic) activity in biological testing systems (bioassays). Fractions that are responsive in the bioassay can be linked to corresponding masses in the mass chromatogram and facilitate the identification of the compounds responsible for the observed activity.
Reducing fraction complexity through high-resolution fractionation decreases the number of compounds and masses to be identified per fraction, but increases the total number of fractions. For the fluctuation test, the number of fractions that can be tested in a single experiment is limited by the 48 wells required in the 384-wells plate to produce a read-out for each single exposure (fraction), resulting in a lack of throughput. 
Materials and methods

Materials
Bromocresol purple, 4-nitro-o-phenylenediamine (4-NOPD), nitrofurantoin (NF), 4-nitroquinoline-1-oxide (4-NQO), 2-aminoanthracene (2-AA), buffer salts, kanamycin ampicillin, biotin, and histidine were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands), peptone was obtained from BD (New Jersey, USA), restriction enzymes were obtained from New England Biolabs (Ipswich, MA, USA), and Aroclor 1254 induced rat liver S9 fraction was obtained from MP Biomedicals (Santa Ana, USA).
Fourteen (suspected) mutagenic compounds (see Table 1 ) were obtained from various suppliers (see Supporting Information Table S1 ). All plasmid isolations were performed using a Plasmid DNA Miniprep kit (Invitrogen, Carlsbad, CA) and all PCR-clean ups were performed with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany). Salmonella strains TA98 and TA100 were a kind gift from Dr. Georg
Reifferscheid (BfG, Germany). The pAKlux2 vector was a kind gift of Dr. Atilla Karsi (Mississippi State University, Starkville, Mississippi, USA).
Reporter construction
Salmonella tester strains received a luminescent phenotype by introducing constitutively expressed bacterial luciferase reporters from one of two expression vectors. To allow for low level luciferase expression, a luxCDABE operon was inserted into a kanamycin resistance bearing low copy number pET-28a vector modified with a weak constitutive LacI promoter. From the original pET-28a vector (Novagen; see 
Development of luminescent tester strains
Salmonella TA98 and TA100 were made chemically competent as described by OD595, to determine cell growth, and compared to growth in the negative control as measure for cytotoxicity. Cell densities below 75% of the negative control density were considered cytotoxic. This was only performed with the TA98 strain as the growth rate of the TA100 strain was too low to produce a reliable read-out. 
Downscaled format protocol
The luminescent strains were exposed to reference compounds 4-NOPD, 2-AA and 
Sample preparation
A suspended particulate matter (SPM) extract from the river Rhine at Lobith (NL) collected during extreme low river discharge conditions in October 1997, was previously tested positive in the Ames fluctuation test (TA98 strain with S9) 28 . Briefly, sample preparation consisted of accelerated solvent extraction of the dried sample and subsequent cleanup by gel permeation chromatography as previously described 29 .
Extract was taken up in DMSO and diluted 10 times to a final concentration equivalent to 3.6 gram dry weight/mL.
In addition, an industrial effluent sample was filter-sterilized (0. 
Read out and data analysis
The colorimetric read-out was performed by measuring the absorbance of the could also detect mutagenicity with the colorimetric read-out but the induction of revertant over non-revertants was lower and delayed compared to the low expression pETlux TA98lux strain (data not shown).
Figure 2. Average luminescence (with SEM) of the Salmonella tester strains in 48 wells of the 384-wells revertant growth plate in the 48 hours following 100 minute exposure to positive control compound (PC) or DMSO vehicle as negative control (NC). TA98lux exposed to (A) 4-nitro-o-phenylenediamine (4-NOPD) in the absence of S9, and (B) to 2-aminoanthracene (2-AA) in the presence of S9. TA100lux exposed to (C) nitrofurantoin (NF) in the absence of S9 and (D) 2-AA in the presence of S9. For the TA98lux strain, the initial bacterial density at exposure and the growth rate are higher than for the TA100lux strain. This may explain the observed differences in initial luminescence intensity between both strains.
Response of the TA98lux and TA100lux strains towards positive control compounds
The luminescent tester strains were exposed in the regular fluctuation test format to serial dilutions of their respective positive control compounds and the response was measured after 28 hours by either the luminescent read-out or after 48 hours by their colorimetric read-out (Fig. 3) . The luminescent read-out could be compared to the 
C. D.
the absence of S9 (panel C). For testing extracts from environmental samples, however, this higher LoD is compensated by the 90% reduction in required sample volume, allowing higher concentrations to be tested in the 96-wells plate compared to the 24-wells plate protocol. 
Response of the TA98lux and TA100lux strains to a set of known mutagens
The luminescent responses of the TA98lux and TA100lux strains in the regular and downscaled format were compared to the colorimetric response in the regular format of the unmodified TA98 and TA100 strains after exposure to fourteen compounds which were reported to be mutagenic in the Ames test (mainly in the original plate Table 1) . Similarity between the responses (positive and negative) of the different readout/format combinations is indicated in the matrix at the bottom of the Table. All fourteen compounds were tested with TA98(lux) and TA100(lux) strains in the (Table 2 ). When considering all 56 test conditions together, a 55%-57% overlap was observed between the colorimetric read-out and the luminescent readouts, whereas an 88% overlap was observed between the regular and the downscaled luminescent read-out (Table 2 ).
Application to environmental samples
Results However, the luminescent read-out only detected mutagenicity in the 40x diluted sample (grey bars).
Figure 5. Mutagenicity observed in the suspended particulate matter extract produced a dosedependent response when measured with the colorimetric read-out (TA98) (n=3) after 48 hours while the luminescent read-out (TA98lux) (n=1) after 28 hours reports only at the 40x dilution.
The threshold for a positive response (5 revertants) is marked with a dotted line. Error bars indicate SEM between experiments.
The industrial effluent was tested in the regular fluctuation format with luminescent (grey bars) and colorimetric read-outs (black bars) ( 
C. D.
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Discussion
Luminescent reporter visualizes TA98 and TA100 revertants
With the introduction of luminescent Salmonella TA98 and TA100 tester strains in a regular and downscaled format, we developed a fast derivative of the Ames fluctuation assay. We demonstrated that constitutive expression of the luxCDABE operon from plasmid DNA produced light that can be measured in the living bacteria in a real-time fashion. By measuring luminescence at hourly intervals, an increase in luminescence could be observed in exposed, but not in (non-exposed) negative control cells. This luminescence correlated with the presence of revertant cells that have undergone mutations (Fig. 2) . Background luminescence levels, observed in negative control wells, decreased to near zero in the TA100lux strain but increased in the TA98lux strain after a minimum was reached around 25 hours incubation. Small numbers of revertants, resulting from low exposure concentrations, might remain undetected as their low levels of luminescence are potentially masked by the background, leading to reduced sensitivity. This background luminescence may be explained by two different phenomena, i.e. the presence of starving but surviving non-revertant bacteria and/or the presence of spontaneous revertants. Due to starvation, bacteria, including Salmonella, enter a viable but non-culturable (VBNC) state as a survival mechanism 48 .
In this state, metabolic activity is reduced and maintained at a low level. This stringent response is mediated by the (p)ppGpp (guanosine pentaphosphate) alarmone released in response to stress. The alarmone acts mainly through inhibition of the RNA polymerase complex 49 to regulate gene expression but also through interaction with metabolic enzymes 50 in order to reduce energy and resource consumption. Lack of control over the expression and activity of the (foreign) luxCDABE proteins could lead to sufficient residual luminescence as cause of the observed background. Alternatively, the four-fold higher density at exposure and higher growth rate of TA98 compared to TA100 could be directly related to increased levels of spontaneous reversion and consequently increasing background luminescence in TA98lux. The resulting background luminescence in the tester strains obstructs detection of revertant bacteria at earlier time points and at lower concentrations, and poses a limitation in both luminescent tester strains. Inhibition of (p)ppGpp alarmone signaling by addition of an inhibitor causes cell death of starving cells 49 and could possibly be applied with the tester strains to reduce background luminescence from non-revertants in favor of revertant luminescence.
Real-time measurement of revertant luminescence also revealed that, while the response from TA100lux revertants increased with time, the response from TA98lux revertants declined after reaching a maximum (at 30 hours). The cause of this decline in luminescence in the TA98lux strain is likely linked to the depletion of the minimal medium by the larger number of TA98lux cells. However, attempts to improve the resolution between background and revertants by stimulating growth of revertant bacteria with use of the more complete MOPS minimal medium 51 and optimization of biotin, histidine or glucose concentrations and cell density were unsuccessful (data not shown). Although light production increased, the sensitivity was reduced.
Higher expression increases the limit of detection
Compared to unmodified cells, the luminescent TA98lux strain displayed a higher LoD in the regular format with the colorimetric read-out (Fig. 3 ). This increase in LoD was even more pronounced in the strains expressing the luxCDABE operon from the high expression vector pETlux2 (data not shown). A possible explanation is that the increased expenditure towards protein expression, plasmid replication, and substrate synthesis for the luciferase system in Salmonella can also divert energy and resources from basic cell function and reduce the rate of cell division. Attenuation of cell growth or metabolism, and even cell death due to over expression, have been observed before in E. coli 52 . As cellular replication is essential for the introduction of mutations into the DNA, fewer divisions during exposure leads to less revertants. This increased energy consumption by the luciferase system could also impact the sensitivity of the TA100lux cells. However, this could not be checked experimentally as the TA100lux cells did not produce a response with the colorimetric read-out at all. In practice however, lower
LoDs were found for TA100lux than for the unmodified TA100 strain.
Application to environmental samples
The luminescent tester strains were applied to environmental samples. With regard to the SPM extract, mutagenic activities were detected with the colorimetric as well as the luminescent read-out. However, where exposure to higher concentrations of SPM extract led to lower luminescence (Fig. 5) , no cytotoxicity was observed and mutagenicity was detected by the colorimetric read-out. This indicates inhibition of luminescence by complex (environmental) mixtures at high sample concentrations.
The potential for similar inhibitory effects was also recognized for the luminescent Vitotox assay, a Salmonella mutagenicity test employing bacterial luciferase as reporter, when measuring environmental mixtures 53 Measuring cell viability by light also allows for determination of cytotoxicity after the 100 minutes exposure period (data not shown). As the luxCDABE bacterial luciferase system relies on cellular metabolism to provide ATP and cofactors to drive light production, a reduction in luminescence as a result of damage to these metabolic processes, could thus be used as a measure of cytotoxicity. Luminescence thus provides an alternative to optical density, in a similar fashion to the Microtox assay with bioluminescent Vibrio fischeri bacteria 18 . In the regular fluctuation test, these differences in TA100 cell density were, as a result of a slower growth rate, insufficient to be distinguished by optical density 27 .
Response of luminescent read-out to known mutagens
Mutagenic potential from the majority of the 14 mutagens selected from the EURL ECVAM Genotoxicity & Carcinogenicity Consolidated Database of Ames Positive
Chemicals could be detected with both the luminescent and colorimetric read-outs (Tables 1 and 2 ). Not all activities reported in the literature could be reproduced in the currents tests (Table 2) . Differences between the colorimetric fluctuation test and the plate incorporation test were previously also found by Kamber et al. 59 , who reported 84% agreement between both assays for a test set containing 62 Ames-positive andnegative compounds. The lower accuracy of 75% observed for the regular colorimetric fluctuation test format in the present study is most probably due to the relatively low 72% sensitivity (Table 2) , which was probably due to high cytotoxicity (measured in the TA98(lux) strain) at the concentrations tested (see Supporting Information Table S2 ).
Higher sensitivity was obtained in the luminescent read-out test formats, which were apparently less prone to negative effects of cytotoxicity than the colorimetric read-out.
Possibly, the low cell density as a result of cell death might still reveal an increased reversion frequency by measured luminescence, whereas it is insufficient to cause acidification of the medium and the colorimetric shift from the bromocresol purple pH indicator. Still, accuracy levels were similar between the colorimetric and luminescent read-outs, due to a lower specificity (i.e. more false positives) for the latter (Table 2 ). It should be realized, that the set of compounds did not contain true Ames-negative compounds, but only compounds that were mutagenic in at least one test condition and non-mutagenic in at least one other test condition. Possibly, the higher sensitivity of the luminescent bacteria may actually reveal true mutagenicity that could not be Higher concentrations, tested in the TA98 strain in the colorimetric read-out, did not increase the response, which appeared to have reached a maximum level (see Supporting Information Table S3 ). The mutagenicity of ifosfamide, reported in TA100
in the presence of S9 43 , could be reproduced in the colorimetric read-out but not in the Table S3 ). This pattern was not followed in the luminescent read-out as TA100lux reported more revertant wells compared to TA98lux. Exclusively detected with the colorimetric read-out in TA98 was the synthetic dye 4-aminoazobenzene (4-AAB). This response was not observed in the luminescent read-out as the signal was quenched (data not shown) in the absence of cytotoxicity.
4-AAB has a broad absorption peak spanning from 385 to over 500 nm 60 which overlaps with the emission from the luxCDABE bacterial luciferase (485 nm) thus absorbing and masking the luminescent signal. Reduced luminescence was also observed in the presence of S9 (data not shown) but this was insufficient to influence the ability to detect a response in the luminescent read-out compared to the colorimetric read-out (Table I) . Quenching can be explained by increased turbidity of the exposure suspension, also observed during cytotoxicity measurements when measuring absorption at 595 nm.
While not producing a response in the colorimetric read-out, both the industrial effluent containing pyrazole, a compound used in organic synthesis of predominantly pharmaceuticals, and the pyrazole standard elicited a response in the luminescent read-out (Fig. 6) . Earlier studies reported pyrazole as non-mutagenic in the Salmonella-based L-arabinose resistance test 61 , but no reports in the plate incorporation or fluctuation test with TA98 and TA100 strains could be found.
Derivatives of pyrazole however, like aminopyrazoles, were reported to be mutagenic in the Ames test in the presence or absence of S9 62 . The presence of pyrazole in the sample might co-occur with the presence of such derivatives or reaction products of pyrazole. In the current tests, the compounds present in the sample, and pyrazole were prone to deactivation by the S9. The observed difference between the luminescent and colorimetric read-outs could not be explained by cytotoxicity, which was not observed, and remains unclear. 
Downscaled luminescent format increases throughput
Conclusion
The incorporation of a luminescent reporter in the TA98 and TA100 Salmonella strains enabled detection of revertant growth in response to mutagens in the presence or absence of S9 metabolic activation, at an earlier time point (28 hours) than the regular Ames fluctuation test (48 hours). The luminescent reporter was able to produce a response even under cytotoxic conditions were the colorimetric read-out could not.
This allowed an 84% specificity for the luminescent read-out to detect earlier described mutagens compared to 72% for the regular colorimetric read-out. The luminescent read-out was also capable of detecting mutagenicity in complex environmental
mixtures, but at a higher LoD than with the regular colorimetric read-out. In the downscaled luminescent format, however, this higher LoD is compensated by the 90% reduction in required sample volume. Moreover, a clear dose-response relationship
was not observed for all complex mixtures. Possibly, compounds within a mixture interfere with the light production by either inhibition of luxCDABE reporter protein function or quenching of the light. Although correction for interference with the luminescent read-out is possible, further optimization is required to compensate for the loss of sensitivity due to interference. Therefore, the colorimetric fluctuation test is currently still the preferred protocol for routine monitoring of complex mixtures in environmental samples. However, the ability of the luminescent strains to detect mutagens in a downscaled format combined with the reduction in detection time allows future application in EDA aimed at detection and identification of (novel) mutagenic compounds in drinking water production as we will demonstrate in future publications.
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